Abstract Beryllium (Be) window is a key component of the ITER radial X-ray camera (RXC).
Introduction
The ITER RXC is designed to measure the poloidal profile of the X-ray emission from plasma, which can reach 50 MW, with high spatial and temporal resolution [1] . It is installed in the central diagnostic shield module (DSM) or 'drawer' in Equatorial Port #12 of ITER tokamak [2] . To have a whole view of the plasma and prevent the detectors from the neutron flux, the camera consists of in-port and ex-port modules that view the plasma through vertical slots in the blanket shield module of an equatorial port plug (shown in Fig. 1 ). The diagnostic is designed to be upgraded, including new detectors, new inner camera modules, etc. Maintenance and upgrade of the in-port detectors is achieved by remote handling via removable cassettes in the port plug for high dosages of radiation. The soft X-rays enter the radial X-ray camera detectors through Be windows which are employed as a component of vacuum isolation as well. The internal camera is installed in the vacuum vessel of the ITER tokamak while the external camera is set in a secondary vacuum [1, 2] . Under normal circumstances, the gas pressure on the Be foil of the Be window is almost zero, while in accidents where either side of the vacuum breaks, the pressure can reach 1 atm, which can easily break the Be foil. The stability of the Be window affects not only the safety of the RXC but also the maintenance cost. The Be window used on the ITER RXC requires the following characteristics: it can sustain 1 atm pressure without breaking, the aperture of the window is 60 mm×25 mm, the He leakage rate of the Be window is lower than 6×10 −10 Pa·m 3 ·s −1 .
2 The design of the Be window structure
Overview
The Be window is called a mechanical clamped Be window, on which a new method is performed to connect the Be foil to the base and keep a tight vacuum between its two sides. Its metal sealing ring can make the Be window leakage lower than 5×10 −10 Pa·m 3 ·s −1 , and a special support structure is also designed, which can strengthen the Be foil when it is exposed to high pressure (0.1 MPa), to avoid breakage and enhance the stability of the RXC under abnormal conditions. Compared with other methods like diffusion welding or binding by epoxy, the mechanical clamping has the following advantages:
a. The deformation of Be foil caused by the connection process is so small that the foil can still sustain high pressure.
b. The product's structure is stable under high temperature and high dosage of neutron radiation.
c. The Be window assembly and maintenance work is easy to perform, which makes the Be window more economical compared with others.
The mechanical clamped Be window is constituted by four main parts: Be window base flange, Be foil, plate, and sealing ring (shown in Fig. 2 ). 
The calculation of the Be foil thickness
As an optical component, the Be window should be as thin as possible so as to decrease the X-ray absorption when it goes through the window. It is also used to isolate the secondary vacuum of the outer camera from the primary vacuum in the tokamak. It was testified that 18 µm Be foil cannot be used as a vacuum isolation component because of its high leakage (2×10 −5 Pa·m 3 ·s −1 ). A thick Be window can sustain high pressure without failure, which can protect itself and the vacuum of the primary or the secondary sides, when accidents occur on the other side.
The effective X-ray energy range for the ITER X-ray radial camera is from 1 keV to 200 keV with the wavelength of 0.062∼12.4Å [2] . When an X-ray transmits through the Be foil filter, part of the X-ray is absorbed or scattered by the Be material. Compared with absorption, the scatter is very small, so it can be ignored in the calculation of transmissivity of the Be foil filter. The absorption of the Be foil filter for X-rays is given by the Lambert-Beer Law [2∼5] ,
where I H is the intensity of the X-ray after transmission, I 0 is the intensity of the X-ray before transmission, µ is the linear attenuation coefficient of Be for X-rays, H is thickness of the Be foil filter. Using mass absorption coefficient µ m = µ/ρ, the absorption law can be written as
where ρ is the density of Be material and its value is 1.85 g/cm 3 , so the transmissivity can be calculated as
The transmissivity curves of a Be foil filter for X-ray with three different thicknesses are shown in Fig. 3 . With increasing thickness of Be foil, the threshold of X-ray transmission is reduced. Although the 50 µm Be foil has an X-ray threshold of 1 keV, which is properly used in the camera, its compressive intensity is not enough to sustain 0.1 MPa without failure. In the new design, 80 µm Be foil is chosen and its X-ray threshold is about 1.24 keV.
The design of the Be foil support structure
Be is a low density metal material, the Be foil used in optical instruments is usually made by using the method of hot isostatic pressing; the properties are listed in Table 1 . By adding a Be foil support, the deformation of the Be foil when exposed to high pressure (0.1 MPa) is restrained. Addition of a support also reduces the area of the apertures, which causes the low X-ray transmissivity in the supporting area. In the Be window's design, these two aspects should be considered and balanced.
The Be foil support is designed as a honeycomb, where many little holes are arranged. All of the holes have the same diameter and every hole's center is placed at the vertex of a regular hexagon, which can guarantee that the aperture area is as big as possible (shown in Fig. 4) . The diameter of the hole is designed as 4 mm, and the minimum distance between two holes is 0.5 mm. The total area of apertures with the support is 1055 mm 2 whose transmissivity of X-ray is about 70%. The support is made of 316 L stainless steel. Fig.4 The structure of the honeycomb support (color online)
The effect of the Be foil support structure is simulated by using ANSYS software and the result is shown in Fig. 5 . 0.1 MPa pressure is applied to one side of the 80 µm Be foil, which is supported by the honeycomb support, while the other side is zero (in high vacuum). The thickness of the support is big enough so that its deformation can be ignored under 0.1 MPa pressure. The maximum equivalent stress occurs at the edges of the holes, which reaches 73.1 MPa, meanwhile, the maximum deformation occurs at the center of the holes and its value is 4×10 −3 mm. The maximum stress of Be foil (73.1 MPa) is smaller than the ultimate tensile strength (345 MPa), which means that the 80 µm Be foil is safe under 0.1 MPa pressure with the honeycomb support. Removing the sharp edges of the holes can help reduce the maximum stress.
The design of the vacuum seal structure
A sealing ring is used in the mechanical clamped Be window. The environment in which the Be window works is very harsh due to the high dosage of neutron radiation, therefore metal is a better choice than rubber for constructing the sealing ring.
The vacuum seal structure is shown in Fig. 6 , where there are two seams, one is the seam between the sealing ring and the bottom surface of Be foil, the other is where the sealing ring contacts the Be window base. When the Be window is being assembled, the Be foil is first placed in the notch (supporting surface) of the base, then the Be foil is pressed by the plate to extrude the sealing ring which has been installed in the seal groove. The extrusion movement stops when the bottom surface of the Be foil is in tight contact with the Be window base's surface (supporting surface). Ideally, both faces of the Be foil should get in close contact with its supporting surface without any folding. In order to avoid any damage to the Be foil and/or deformation of the plate or Be window base in the assembly process, the pretightening force of the sealing ring should be small. Depending on its deformation, the hollow metal sealing ring could rebound, which could make it fill the uneven contacting surface. Compared with traditional metal sealing rings, a hollow metal sealing ring has a smaller pretightening force and strong rebounding capacity, which is suitable for small structure high vacuum sealing in vibrating situations. So, it can perfectly satisfy the sealing requirement of the Be window.
The design of the hollow metal sealing ring
In this design, the shape of the Be foil is rectangle, which means that the shape of the sealing ring is also rectangle and whose equal diameter is 95.6 mm. Based on the standard, the diameter of the cross-section of the ring is 1.58 mm. Its wall thickness can be calculated as
where d is the diameter of the cross-section, δ is chosen as 0.254 mm by referring to the standard. Hollow metal sealing rings are commonly used in vacuum engineering and its main manufacture process can be summarized as: blanking, straightening, and joint welding (laser welding). In order to improve the seal quality of the sealing ring, a 0.03 mm thickness of Ag is plated on its surface.
The design of the seal groove
The crushing ratio is the variation of the diameter of the sealing ring's end face after the ring has been preloaded in the seal groove. The definition of crushing ratio is
where η is the crushing ratio, a is the depth of the seal groove, d is the diameter of the cross-section. The section shape of the seal groove used in vacuum engineering can be categorized into V shape and rectangular shape. The rectangular shaped groove is easier to produce compared with the V shaped one, the design of the Be window's seal groove is shown in Fig. 7 . Fig.7 The structure of the rectangular shaped seal groove
The depth of the groove can be calculated as
where δ is the thickness of the Ag cover. The outside dimension of the sealing ring can be expressed as
where D W is the outside dimension of the sealing ring before being pressed on, r 0 is the average cross-section's radius of the sealing ring. So the least clearance between the lateral surface of the groove and the surface of the ring can be calculated as
the clearance should be reserved at the side of vacuum, in this design the Be window has the capability of vacuum sealing at both sides, that means there are clearances (∆) at the inside and outside of the sealing ring. In other words, the width of the seal groove is larger than the diameter of the sealing ring's cross-section by two times of ∆.
The design of the connection structure
Twelve bolts are used on the Be window, which make the plate and the base flange bind together so as to impose a pressure on the sealing ring [6] . The total bolt stress is given by
where P is the air pressure, q is the line sealing specific pressure of the sealing ring, for hollow metal sealing ring q=2000∼3000 N/cm.
The tests of the Be window's sealing performance
Normally, the working environment of the Be window is maintained at about 200
• C, while the melting point of the hollow stainless sealing ring is about 1000
• C, which means the sealing ring is safe to use. The Be window also has a period of baking before the radial X-ray camera is operated in order to release the gases; the baking temperature is 240
• C [7] . In order to investigate the sealing ring's seal performance, a baking test is performed on the Be window [2, 8] . The Be window is baked to 240
• C for 2 h, then cooled to 23
• C in a furnace. The leakage rates of He on both sides of the window show that after baking the sealing performance of the sealing ring is improved (shown in Fig. 8) . As time goes by, the performance of the sealing ring could change, which will slightly affect the leakage of the window. The vacuum leakage test is done to examine if the leakage is still acceptable seventy days after assembly (shown in Fig. 9 ). The result shows that the leakage on both sides of the Be window increased compared with that after baking test, after which it reaches 1.6×10 −10 Pa·m 3 ·s −1 and 1.5×10 −10 Pa·m 3 ·s −1 , but the leakage is still lower than the design requirement. Fig.9 The vacuum leakage test of the Be window (color online)
When the Be window is being transported vibration cannot be avoided, vibration can weaken the sealing structure's sealing performance. A vibration test is carried out to testify the Be window's capability in vibration endurance. The Be window takes a vibration test for two hours under the vibration frequency of 3.3 Hz. In Fig. 8 , the result shows that after vibration test the leakage on both sides of the Be window increased but is still lower than required.
In Fig. 8 , the leakage results show that the sealing performance of both sides of the Be window are very similar under the same situation.
Conclusion
A new structure of Be window is described in this paper. By using mechanical clamping instead of welding or bonding to connect the Be foil (80 µm) with the Be window base, the Be foil damage in the assembly and production processes can be alleviated. Through the vacuum leakage test, the hollow metal sealing ring is verified to keep the leakage rate of He of the Be window lower than 6×10 −10 Pa·m 3 ·s −1 . The baking test and vibration test show that a Be window with the new structure can sustain 240
• C high temperature or 3.3 Hz mechanical vibration. The mechanical clamped Be window is easy to be manufactured and maintained, which makes it more economic than others.
